Kim IY, Schutzler SE, Schrader A, Spencer HJ, Azhar G, Deutz NE, Wolfe RR. Acute ingestion of citrulline stimulates nitric oxide synthesis but does not increase blood flow in healthy young and older adults with heart failure. Am J Physiol Endocrinol Metab 309: E915-E924, 2015. First published September 29, 2015; doi:10.1152/ajpendo.00339.2015.-To determine if age-associated vascular dysfunction in older adults with heart failure (HF) is due to insufficient synthesis of nitric oxide (NO), we performed two separate studies: 1) a kinetic study with a stable isotope tracer method to determine in vivo kinetics of NO metabolism, and 2) a vascular function study using a plethysmography method to determine reactive hyperemic forearm blood flow (RH-FBF) in older and young adults in the fasted state and in response to citrulline ingestion. In the fasted state, NO synthesis (per kg body wt) was ϳ50% lower in older vs. young adults and was related to a decreased rate of appearance of the NO precursor arginine. Citrulline ingestion (3 g) stimulated de novo arginine synthesis in both older [6.88 Ϯ 0.83 ) and to a greater extent in young adults (0.36 Ϯ 0.04 to 3.57 Ϯ 0.47 mol·kg body wt Ϫ1 ·h Ϫ1 ). Consistent with the kinetic data, RH-FBF in the fasted state was ϳ40% reduced in older vs. young adults. However, citrulline ingestion (10 g) failed to increase RH-FBF in either older or young adults. In conclusion, citrulline ingestion improved impaired NO synthesis in older HF adults but not RH-FBF, suggesting that factors other than NO synthesis play a role in the impaired RH-FBF in older HF adults, and/or it may require a longer duration of supplementation to be effective in improving RH-FBF. aging; arginine; endothelial dysfunction; stable isotope tracers REGULATION OF PERIPHERAL BLOOD FLOW is impaired in older individuals. This condition is commonly referred to as endothelial dysfunction (12). Endothelial dysfunction can occur in older adults (20) and is more pronounced in older adults with heart failure (HF) (35). It is thought that reductions in NO synthesis via endothelial nitric oxide synthase (eNOS) or NO bioavailability play a key role in endothelial dysfunction (21, 36) . The importance of NO in endothelial dysfunction is supported by the results of many previous studies using various techniques, including strain gauge plethysmography (35) and Doppler ultrasound (20), in combination with pharmacological treatments. Several potential mechanisms have been suggested to explain endothelial dysfunction. These include impaired NO synthesis, decreased bioavailability resulting from increased production of reactive oxygen species (ROS) (12, 45), increased eNOS inhibitors such as asymmetric dimethylargine (AMDA) (42), increased arginase activity (7, 39), and decreased NOS cofactors including tetrahydrobiopterin (BH4) (19, 46) . It is also possible that NO synthesis is limited by reduced bioavailability of arginine (7), the sole precursor of NO synthesis, with advancing age.
Doppler ultrasound (20) , in combination with pharmacological treatments. Several potential mechanisms have been suggested to explain endothelial dysfunction. These include impaired NO synthesis, decreased bioavailability resulting from increased production of reactive oxygen species (ROS) (12, 45) , increased eNOS inhibitors such as asymmetric dimethylargine (AMDA) (42) , increased arginase activity (7, 39) , and decreased NOS cofactors including tetrahydrobiopterin (BH4) (19, 46) . It is also possible that NO synthesis is limited by reduced bioavailability of arginine (7), the sole precursor of NO synthesis, with advancing age.
Arginine is a "conditionally" essential amino acid. Under normal circumstances, the rate of endogenous arginine synthesis from citrulline, i.e., de novo arginine synthesis, is sufficient to match the rate of degradation of arginine as well as the body's demand for various metabolic pathways. These pathways include the synthesis of agmatine, creatinine, protein, and NO synthesis (27) . However, in a number of clinical circumstances such as sepsis (29) and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome (16) , de novo arginine synthesis is insufficient, with a resulting impairment in de novo NO synthesis. Arginine insufficiency can be restored by arginine infusion or dietary supplementation with arginine or citrulline, the precursor of endogenous arginine production, in those clinical conditions. Consistent with this notion, it was shown in short-term studies (ϳ2 mo) that oral arginine (24, 37) or citrulline supplementation (37) improved heart or vascular function. Furthermore, a recent meta-analysis suggests that arginine supplementation (typically, for 2-4 wk) improved vascular function, assessed by flow-mediated dilation (FMD), in adults with poor baseline FMD (6) . Despite these abundant data implicating reduced NO synthesis (or bioavailability) in various clinical settings, NO kinetics in older HF adults has not been previously quantified.
Therefore, we hypothesized 1) that NO synthesis is limited in both young healthy subjects and, to a greater extent, in older individuals with HF by availability of precursor, and we therefore proposed that increasing precursor (i.e., arginine) availability by means of citrulline ingestion would stimulate NO synthesis in the young and to a greater extent in older HF adults; and 2) that stimulation of NO synthesis would increase peripheral vascular function in young, healthy individuals and, to a greater extent, in older individuals with HF. We used citrulline to test the effect of increasing arginine availability, because citrulline is the precursor of de novo arginine synthesis and is normally more effective than ingestion of arginine in increasing plasma arginine concentration (5) . The greater ef-fectiveness of citrulline results from the extensive clearance by the gut and liver of orally ingested arginine (5) . There is also a practical advantage to citrulline, since a large dose of arginine can cause gastric distress (23) .
SUBJECTS AND METHODS

Subjects
We performed two separate studies: 1) the kinetic study and 2) the vascular function study. In the kinetic study, eight healthy young and eight older HF adults participated, and in the vascular function study, seven healthy young and seven older HF adults participated (Table 1) . In both studies, a battery of medical tests was performed on their first visit to the laboratory to determine study eligibility. Tests and procedures included medical history, blood count, plasma electrolytes, blood glucose concentration, and liver and renal function tests. Written informed consent was obtained from all subjects, and the study was approved by the Institutional Review Board at the University of Arkansas for Medical Sciences. Inclusion criteria for both studies were male or female aged 21-40 yr for the young or Ͼ60 yr for the older adults, diagnosed with stage 2 or 3 HF according to NYHA classification. Older HF adults were taking several medications for heart failure therapy, listed in Table 1 . Exclusion criteria included current use of insulin for treatment of diabetes mellitus, history of tobacco use in the past 3 mo, or participation in a regular exercise program.
Experimental Protocol
Subjects were instructed to maintain their normal diet and to abstain from vigorous physical activity for Ͼ72 h before the start of their study. Subjects were studied in the Reynolds Institute on Aging (RIOA) at the University of Arkansas for Medical Sciences. During the screening process for the kinetic study, dual-energy X-ray absorptiometry (QDR-4500A; Hologic, Waltham, MA) was performed for determination of fat-free mass. In the kinetic study, after an overnight fast an isotope tracer infusion study was performed in both the basal state and during citrulline ingestions over a 6-h experimental time period. Subjects remained in the fasted state for the first 3 h and then consumed a small amount (250 mg/100 ml) of citrulline dissolved in distilled water every 15 min for the next 3 h (3 g total) while isotope tracers were primed and continuously infused throughout the 6-h time period (see Tracer Infusion Protocol). Blood samples were obtained before and during the tracer infusion period (Fig. 1 ). Blood samples were analyzed for determination of plasma isotopic enrichment using liquid chromatography-mass spectrometry as described previously (15, 18, 28) . In the vascular function study, each subject was studied (see Vascular function measurement protocol) on two occasions in a randomized placebo controlled crossover experimental design with Ͼ2-day interval between the treatments (Fig. 1) . Upon their arrival to the IOA after an overnight fast, subjects rested supine for Ն40 min on a bed. Then, forearm blood flow (FBF) was determined at baseline and following 3-min arterial occlusion 20 min before (basal fasted state) and 20, 40, and 60 min after ingestion of either 10 g of citrulline or placebo (equal parts L-alanine-L-glycine-L-serine).
Tracer Infusion Protocol
The 6-h isotope tracer infusion protocol is presented in Fig. 1A . On the infusion study day, subjects reported to the IOA after an overnight (after 2200) fast. Two 18-gauge catheters were inserted, one into a forearm vein for infusion of three stable-isotope tracers and the other into a forearm vein for arterialized venous blood sampling using a heating box (1) . Before the initiation of the tracer infusion, a baseline blood sample was collected to determine background isotopic enrichments and blood amino acid concentrations. Values for characteristics are means Ϯ SE. M/F, no. of male and female subjects; BMI, body mass index; FFM, fat-free mass; CCB, calcium channel blocker; nitrate, isosorbide mono-or dinitrate; eGFR, estimated glomerular filtration rate; N/M, not measured. *Significantly different from older adults with the same study (P Ͻ 0.05).
samples were taken during the stable isotope infusion study (ϳ100 ml).
Vascular Function Measurement Protocol
To determine peripheral endothelial function, forearm blood flow (FBF) following arterial occlusion was measured using the strain gauge plethysmography technique (AI6 Arterial Inflow system; Hokanson, Bellevue, WA) according to a previous study, with a slight modification (38) (Fig. 1B) . Briefly, each FBF measurement consisted of 7-s inflation and then 8-s deflation at the upper arm; FBF was measured during the 7 s of inflation. The cuff on the upper arm was inflated to 50 mmHg pressure, which allows arterial blood inflow but prevents venous blood outflow. First, baseline FBF measurements were obtained for 2 min. Following a 4-min rest, the pressure cuff at the upper arm was inflated to a pressure 30 mmHg higher than the baseline systolic pressure of subjects (suprasystolic pressure) to completely occlude arterial flow for 3 min. FBF measurement (the same 7-s inflation/8-s deflation cycle) was repeated after the end of the 3-min arterial occlusion (reactive hyperemic forearm blood flow, RH-FBF). After the fasted FBF measurements, subjects ingested 10 g of citrulline or placebo dissolved in 100 ml of plain water over 1 min. The placebo was also a total of 10 g of amino acids (equal parts serine, glycine, and alanine). The FBF protocol was repeated every 20 min following the ingestion of the citrulline or placebo. Blood samples were collected before each FBF measurement: 20 min before and 20, 40, and 60 min after the ingestion of the citrulline or placebo.
Analytic Methods
Plasma samples were analyzed as previously described (15, 18, 28) . Briefly, plasma samples were precipitated with 10% sulfosalicylic acid (SSA) containing internal standards of stable isotopomers with a high mass (ϾMϩ5) to avoid issues of overlapping spectra contribution to the isotope tracers infused, followed by centrifugation. Plasma free amino acids were first extracted by cation exchange chromatrography (Strata-X-C; Phenomenext, Torrance, CA) and dried under Speed Vac (Savant Instruments, Farmingdale, NY). Enrichments of arginine, citrulline, and phenylalanine and amino acid concentrations were determined on the 9-fluorenylmethoxycarbonyl (FMOC) derivatives using liquid chromatography-electron spray ionization-mass spectrometry (QTrap 5500 MS; AB Sciex) with liquid chromatography device ExpressHT Ultra LC (Eksigent Div; AB Sciex). Plasma insulin concentrations in the kinetic study were determined before (at 180 min) and during citrulline ingestion (at 210, 240, and 300 min) by means of a commercially available human insulin ELISA kit (Alpco Diagnostics).
Calculations
Whole body kinetics. Calculations of whole body (WB) kinetics were performed based on the determinations of the rate of appearance (R a) into the plasma of arginine (or phenylalanine for determination of protein breakdown rate) and citrulline and the fraction of Ra of endogenous citrulline or arginine derived from arginine or citrulline, respectively (13, 44) . All the kinetic measurements were normalized to kilograms of body weight or of fat-free mass (FFM). Plasma enrichments of tracers of arginine and citrulline either infused or derived ( Fig. 2) were averaged for the calculation for the fasted values and were curve-fitted with a polynomial method using Graphad Prism 5 for Mac (Graphpad Software, La Jolla, CA) for calculation of values during citrulline ingestion. In the fasted state, R a of arginine, citrulline, and phenylalanine were calculated as infusion rates (F,
]citrulline, and L-[ring-
2 H5]phenylalanine divided by arterial plateau enrichments (TTR) of the respective tracers:
During citrulline ingestion, the Steele equation (41) modified for stable-isotope tracer (44) was used to determine Ra of arginine (Ra ARG) and citrulline (Ra Cit) (mol·kg Ϫ1 ·h Ϫ1 ) in the non-steady-state kinetics calculations:
where F represents the infusion rate of tracer; pV is the effective volume of distribution for substrate of interest, for which 40 ml/kg was used (44); C 1 and C2 are plasma concentrations of substrate of interest at specific times t 1 and t2, respectively, and E1 and E2 are plasma enrichment of arginine or citrulline tracers at specific times t 1 and t2, respectively.
De novo arginine synthesis. Whole body de novo synthesis rate of arginine from citrulline (de novo arginine, mol·kg Ϫ1 ·h Ϫ1 ) was calculated as the product of WB R a Arg and the fraction of WB Ra Arg derived from citrulline, as described by Castillo et al. (13) ) was determined from the calculation of whole body citrulline synthesis from arginine, since NO and citrulline are produced from arginine at a 1:1 Protein breakdown. Calculations of whole body protein breakdown rate (mg·kg Ϫ1 ·h Ϫ1 ) in the fasted state and during citrulline ingestion were performed as in the case of NO kinetics for the steady state, since enrichment of phenylalanine (Phe) was not affected during the citrulline ingestions using following equations: total R a Phe into plasma ϭ F phe ⁄ E Phe protein breakdown ϭ R a Phe ϫ 25 where EPhe is plasma plateau enrichment of L-[ring-2 H5]phenylalanine, and 25 is the correction factor for the average contribution of phenylalanine to protein (8) . FPhe is the infusion rate of the phenylalanine tracer.
Reactive Hyperemic Responses
Reactive hyperemic forearm blood flow responses (RH-FBF, ml/ 100 ml tissue volume), including baseline and 3-min responses to a 3-min arterial occlusion, were first curve-fitted with a polynomial method and then calculated as area under the curve (AUC) using Graphpad Prism 5 for Mac.
Statistical Analysis
In the kinetic study, a repeated-measures analysis of variance (RM-ANOVA) model was used to evaluate the fixed effects of age (Young vs. Older HF adults) and time (fasted vs. citrulline-fed states) on measures of whole body kinetics. Specifically, for the measures of NO synthesis rate and %R a arginine to NO, log transformation was performed before the statistical analysis to normalize the data. For the statistical comparisons for plasma amino acids (the kinetic study), a RM-ANOVA model was used to evaluate the effect of age (Young vs. Older HF adults) and the effect of time (fasted and 6 postfeeding time points) on each of the amino acids.
In the vascular function study, three-factor RM-ANOVA models were used to evaluate the effects of age (Young vs. Older HF adults), time (1 pretreatment & 3 posttreatment time points), and treatment (Citrulline vs. Placebo) on RH-FBF and plasma amino acid responses. Three-way and two-way interactions between the factors were assessed and were removed from the model if their P values were greater than 0.10. Estimates of means and standard errors along with the pairwise comparisons of the age, treatment, and time effects were tabulated for each response.
For both studies, P values were adjusted for multiple comparisons using Hommel's method (25) to maintain the overall Type I error rate. Data were expressed as means Ϯ SE. Statistical significance was declared when P value was less than the 5% level. The statistical analyses were performed using SAS (v. 9.4; SAS Institute, Cary, NC).
RESULTS
Whole Body Kinetics
NO and its precursor metabolism. NO and its precursor kinetics (mol/kg bw/h) are present in Table 2 and Figs. 3 and 4. In the fasted state, R a Arg and R a Cit, de novo arginine synthesis rate (de novo arginine), and NO synthesis rate were significantly lower in older HF adults than in young adults (for all, P Ͻ 0.01) (Fig. 3) . Percentage of R a Arg that contributed to NO synthesis (%R a Arg to NO) tended to be lower in older HF adults than in young adults (0.37 Ϯ 0.03 and 0.46 Ϯ 0.05%, respectively, P ϭ 0.0974). During the sip ingestions of citrulline (3 g total), R a Arg, R a Cit, de novo arginine, and NO synthesis rate were all significantly increased from the fasted state (for all, P Ͻ 0.01 for the young; for all, P Ͻ 0.05 for older HF adults) (Fig. 4) . Differences between young and older HF adults in R a Cit observed in the fasted state disappeared during the citrulline ingestion (P ϭ 0.7080). However, R a Arg and de novo arginine remained significantly lower in older HF adults (for both, P Ͻ 0.005). R a Arg, directly reflecting systemic arginine availability, was consistent with arginine availability index (AAI) (43) , expressed as the ratio of plasma concentrations of arginine to the sum of ornithine and lysine. AAI was not different between groups in the fasted state but significantly increased in both groups (for both, P Ͻ 0.0001) and to a greater extent in young adults (for both, P Ͻ 0.01) during the citrulline ingestion. Similarly, NO synthesis during citrulline ingestion was 41% lower in older HF adults than in young adults, although this reduction was not statistically significant (P ϭ 0.0830). %R a Arg to NO tended to be higher in the young than in the older HF adults at the fasted sate (P ϭ 0.0974), and the citrulline ingestion significantly increased %R a Arg to NO in the older (0. ) in the fasted state and during the citrulline ingestion, respectively, (main effect of group: P Ͻ 0.001) with no significant changes during the citrulline ingestion above the basal, fasted state (main effect of time: P ϭ 0.1306).
The rationale for normalizing results by body weight is discussed below. Alternatively, the results could be normalized by the FFM of each individual. When the kinetics were expressed per kilogram FFM (Table 2) , there were no age differences in any kinetic variable, either at rest or during the citrulline ingestion. However, citrulline ingestion significantly increased R a Arg, R a Cit, de novo arginine, and NO synthesis in both age groups. There was no difference in %R a Arg to NO between groups in the fasted state and during the citrulline ingestion (for both, P Ͼ 0.288). However, the citrulline ingestion significantly increased %R a Arg to NO in the older HF adults (0.36 Ϯ 0.03 to 2.49 Ϯ 0.23%, P Ͻ 0.0001) and the young adults (0.46 Ϯ 0.05 to 2.42 Ϯ 0.32%, P Ͻ 0.0001).
Protein breakdown. Whole body protein breakdown rate was significantly lower in the older HF adults compared with the young adults in the fasted state (120.4 Ϯ 7.5 vs. 163.9 Ϯ 9.2 mg·kg body wt Ϫ1 ·h Ϫ1 , P ϭ 0.0014). The sip ingestions of citrulline did not significantly change the whole body protein breakdown rate in the young adults (163.9 Ϯ 9.2 to 155.2 Ϯ 7.1 mg·kg body wt Ϫ1 ·h Ϫ1 , P ϭ 0.4034) or in the older HF adults (120.4 Ϯ 7.5 to 106.2 Ϯ 3.0 mg·kg body wt . 1 Significantly different from the fasted state within same age group for the same unit (P Ͻ 0.05). 2 Significantly different from the young within same time frame for the same unit (P Ͻ 0.05). 3, 4 Tended to be different from the young within same time frame for the same unit (P ϭ 0.112 and P ϭ 0.083, respectively). 
Reactive Hyperemic Responses
RH-FBF in the fasted state and following a bolus ingestion of citrulline (10 g) or placebo are shown in Table 3 . We found a significant age effect (P ϭ 0.009) and an age ϫ time interaction for RH-FBF (P ϭ 0.047). RH-FBF was significantly lower in older HF adults than in young adults in the fasted state and all posttreatment time points following the bolus ingestion of citrulline (for all, P Ͻ 0.05). However, there was no significant treatment (citrulline vs. placebo) effect in either age group (P ϭ 0.5564).
Plasma Amino Acid Concentrations
Plasma responses of citrulline, arginine, ornithine, and leucine in response to sip ingestions of citrulline (3 g total) are presented in Fig. 5 . There were no differences in arginine and citrulline in the fasted state between the age groups, and the concentrations of both increased similarly during the citrulline sip ingestions. Plasma concentrations of ornithine, which is derived from arginine via the arginase enzyme reaction in the urea cycle, was not different in the fasted state but gradually increased with ingestions of citrulline in older HF (P ϭ 0.0620) and young adults (P ϭ 0.0208), with the older HF adults being significantly higher than the young (for the kinetic study, P Ͻ 0.01). There were no differences in leucine concentration in the fasted state between the age groups, and leucine did not significantly increase in response to the citrulline ingestion. The plasma responses of the respective amino acids in the vascular function study were similar to those in the kinetic study (Table 4) . Plasma insulin than in young adults in the fasted state (11.4 Ϯ 2.0 vs. 5.2 Ϯ 0.9 IU/ml) and during ingestion of citrulline (mean insulin concentrations: 11.4 Ϯ 2.0 vs. 5.2 Ϯ 0.9 IU/ml) (for both, P Ͼ 0.05). However, citrulline Values are means Ϯ SE. Forearm blood flow response (ml/100 ml tissue volume) is calculated area under curve of baseline and in 3-min response to 3-min arterial occlusion at upper arm before and 20, 40, and 60 min following either 10 g of citrulline (CIT) or placebo (PL, equal parts L-alanine, L-glycine, and L-serine). *Significantly different from older adults with the same study (P Ͻ 0.05). There was a significant age by time interaction (P ϭ 0.0479). There were no treatment (P ϭ 0.5564) and time effects (P ϭ 0.8293); however, there was a significant age effect (P ϭ 0.0090).
ingestion did not significantly change plasma insulin concentrations from the fasted state to the citrulline ingestion in both groups (for both, P Ͼ 0.10).
DISCUSSION
In this study, we observed impaired NO synthesis in older HF adults primarily due to a reduction in NO precursor bioavailability. Consistent with the kinetic data, there was a corresponding reduction in reactive hyperemic blood flow response in the older HF adults. Acute ingestion of 3 g of citrulline stimulated NO synthesis ϳ10-fold in both the older HF adults and the young adults. However, the reactive hyperemic blood flow response was not increased by ingestion of 10 g citrulline. These findings suggest that factors other than NO synthesis may be responsible for the reduction in peripheral vascular function in older HF adults, and/or long-term supplementation may be required to induce favorable effects. Our conclusions rely on normalization of the kinetic data to kilograms of body weight (mol·kg body wt Ϫ1 ·h Ϫ1 ) instead of kilograms of fat free mass. It has been shown that adipose tissue blood flow is quantitatively similar to that of skeletal muscle in resting conditions, particularly in the fasted state, when expressed per tissue mass (21) . Furthermore, NO has been shown to be a major regulator of preprandial adipose tissue blood flow (3) via eNOS (2, 17) . Consequently, we felt it reasonable to account for fat mass in the expression of the kinetic data.
In accord with previous findings (30, 35), we also observed persistent impairments in vascular dysfunction in the older HF adults compared with the young adults. Many previous studies using various techniques including strain gauge plethysmography (35) and Doppler ultrasound (20) in combination with pharmacological treatments indicate impaired NO synthesis or bioavailability in the vascular endothelial dysfunction in older adults with or without HF. However, this paper provides the first direct evidence of a reduction in NO synthesis in vascular endothelial dysfunction in older HF adults. The reduction in NO synthesis rate in our study corresponded to a reduction in R a Arg, indicating a deficiency of NO precursor availability in the older HF adults. R a Arg is derived from synthesis from Values are means Ϯ SE. PRE, POST20, POST40, and POST60 are pre-and 3 postingestion measurements at time points of Ϫ20, 20, 40, and 60 min, respectively. 1 Significantly different from Pre within the same treatment of the same age group, P Ͻ 0.05. 2 Significantly different from the young at the same time point within the same treatment, P Ͻ 0.05. 3 Significantly different from Placebo at the same time point within age group, P Ͻ 0.05. 4 The older tended to be lower vs. young at all time points, P ϭ 0.1047. . Plasma concentrations of citrulline, arginine, ornithine, and leucine in the fasted state and during sip ingestions of citrulline in the kinetic study. There were no significant age-bytime interactions for citrulline, arginine, and ornithine. However, there were significant differences with respect to time for arginine and citrulline (for all, P Ͻ 0.0001; for ornithine P ϭ 0.0203) and with respect to age only for ornithine (P ϭ 0.0280). Data are presented as means Ϯ SE. citrulline (i.e., de novo arginine synthesis) and from protein breakdown (27) . Reduced R a Arg in the older HF individuals may have been due, in part, to a limitation in the production of citrulline, as we found that R a Cit was also reduced in the older HF adults compared with the young. Despite the relatively small percentage of R a Cit derived from de novo synthesis (27) , impaired citrulline synthesis may limit NO synthesis in certain clinical conditions. For example, El-Hattab et al. (16) have shown in patients with MELAS that reduced R a Cit was accompanied by reductions in de novo arginine and NO synthesis (13), which were reversed by citrulline supplementation to rates exceeding the baseline values of the normal subjects. A reduced rate of protein breakdown also contributed to the lower R a Arg in the older HF adults. Since the rate of protein breakdown was not different between groups when the data were expressed per kilogram of FFM, the reduced total lean body mass in the older HF individuals likely contributed the reduction in R a Arg (at the whole body level) and thus NO synthesis. This notion is supported by the findings of Eskurza et al. (19) that FMD was lower by ϳ45% in sedentary older adults, but not in endurance-trained older adults, who had similar relative lean body mass, compared with sedentary healthy young adults. While the results of this study are consistent with our findings, it is hard to distinguish the effect of body composition from the effect of exercise training in the Eskura, et al. (19) study. Endurance training, per se, improves vascular endothelial function in sedentary young adults (4) .
In the kinetic study, subjects were given multiple sip ingestions of small amounts of citrulline (3 g) over a 3-h time period (total 3 g). This approach was chosen to increase R a Arg in a manner that would minimize alterations in plasma enrichments of infused tracers. In a separate study, we determined RH-FBF following a bolus ingestion of 10 g of citrulline. The dose of citrulline in the second study (i.e., 10 g) was selected because a previous study had shown this to maximize the renal capacity to convert citrulline to arginine (34) . Furthermore, since 3 g of ingested citrulline was sufficient to increase NO synthesis 10-fold, we were confident that this would also be the case with ingestion of 10 g of citrulline. We observed that plasma concentrations of citrulline, and to a lesser extent arginine, were significantly and gradually increased by ϳ2.5-fold for arginine and by more than 10-fold for citrulline in both age groups with the sip ingestions of citrulline. The changes in plasma arginine and citrulline concentrations were accompanied by similar increases in R a Cit in both age groups, reflecting that the sip ingestions of citrulline were effective in increasing NO precursor availability. Despite the similar increases in precursor availability during the citrulline ingestion in the two age groups, de novo arginine synthesis was increased more in the young than in the older HF adults. This response indicated a reduced renal capacity for conversion of citrulline to arginine with advancing age. Most importantly, we found that citrulline ingestion increased NO synthesis rate ϳ10-fold above the fasted state in both groups. These results indicate that precursor availability is limiting for NO synthesis in both groups.
Despite dramatic increases in NO synthesis during citrulline ingestion in both age groups, there was not a corresponding improvement in the RH-FBF response. It is not surprising that citrulline ingestion had no effect in the healthy young subjects, because of the absence of a preexisting deficiency in responsiveness. However, the lack of improvement in RH-FBF in the older HF adults following the ingestion of 10 g of citrulline was unexpected. On the other hand, our finding is in agreement with that of Churchward-Venne et al. (14) , demonstrating no improvement in femoral artery blood flow in older adults following acute ingestion of 10 g of citrulline with whey protein (15 g ). Moreover, it has also been shown that an intravenous infusion of a 30-g arginine (1 g/min) dose, which is far greater than that known to stimulate NO synthesis (28), did not improve FMD despite a more than 20-fold increase in plasma arginine concentrations in older adults (22) . This suggests the possibility that the acute nature of our study was too short to induce a significant change in response. For example, arginine supplementations for several days (14 -30 days) improved FMD in older adults (9, 10, 32) . In line with this possibility, Bonner et al. (11) have recently shown that a 3-wk relaxin infusion (rate: 1 mg·kg Ϫ1 ·day Ϫ1 ), but not an acute 6.5-h infusion of relaxin, improved vascular reactivity in mice fed a high-fat diet for 10 wk, due in part to remodeling of the extracellular matrix. It is therefore possible that longer-term supplementation with arginine or citrulline may improve vascular dysfunction by changing vascular environment, including inhibition of leukocyte adhesion and thrombocyte aggregation via NO (12) .
Several potential mechanisms may explain the reduced NO synthesis in older HF adults and the lack of an acute effect of citrulline ingestion on RH-FBF despite an ϳ10-fold increase in NO synthesis rate. First, it is possible that NO synthesis could increase without corresponding increases in NO bioavailability if the synthesized NO was immediately degraded or converted to other compounds such as peroxynitrite as a result of a reaction between NO and superoxide radicals (12) . Second, arginase activity increases with advancing age (7, 39) , resulting in reduced arginine bioavailability by converting arginine to ornithine. Consistent with this, we found that the plasma ornithine response to the citrulline ingestion was higher in older adults than in young adults. Third, it is possible that differential menopausal status may explain to some extent the differences in NO synthesis rate between young and older HF female subjects (43) . However, we did not observe a difference in response between men and women, and differences in menopausal status would not be expected to explain the lack of improvement in RH-FBF in response to the citrulline ingestion. Fourth, it has been shown that insulin resistance plays a role in vascular dysfunction, and older individuals tend to be more insulin resistant (26) . In this regard, we found that plasma insulin concentrations in the fasted state and during citrulline ingestion were higher in the older HF adults than in the young adults without significant changes during citrulline ingestion above the fasted state. This may explain to some extent the differences in vascular function between the groups, but again, not the null effect of citrulline on RH-FBF. Fifth, there might have been higher levels of inhibitors of NO, such as AMDA, in older HF adults (42) , that were not measured in the present study. Last, the most likely explanation is decreases in compliance of the arterial system due to loss of elastin in the aging vessel wall (33) . Hence, it is possible that, despite the ϳ10-fold increase in NO synthesis, the young adults were nonresponsive to NO because of maximal compliance in response to reactive hyperemia without an increase in NO availability, and the older adults were nonresponsive because of restricted compliance of the vessel wall. This suggests that long-term supplementation of citrulline may be required to induce a favorable effect on vascular function (24, 37) , probably via remodeling of vascular structure (11) .
There are several limitations in the present study. First, NO is produced in the body via several NOS isoforms (31) . In this regard, the stable-isotope method used cannot distinguish between sources of NO synthesis but only determine the total NO synthesis rate. Therefore, the extent to which the increase in NO synthesis during the citrulline ingestion was derived via eNOS or other NOS isoforms is unknown. Second, older HF adults in this study took prescribed medications that could have favorably affected vascular function, but those medications could not be stopped. However, it has been shown that impairments in vascular function still persisted in older HF individuals who took those medications compared with "healthy" older adults (30, 35) who also have vascular dysfunctions to some degree as a result of the natural aging process (40) .
In conclusion, acute ingestion of citrulline effectively increased arginine availability and NO synthesis in both young and older HF adults. Nonetheless, acute citrulline supplementation was ineffective in improving vascular endothelial dysfunction in the older HF adults. These results imply that factors other than NO synthesis per se may play a role in vascular dysfunction and/or that longer-term supplementation of either arginine or citrulline is required to reverse the impairment in peripheral vascular function in the older HF adults.
